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A B ST R  A C T  The contractile system of rat cardiac muscle that has been made 
hyperpermeable  by  soaking  the  tissue  in  EGTA  (McClellan  and  Winegrad. 
1978. J.  Gen. Physiol. 72:737-764)  can be probed directly with Ca buffer from 
the bathing solution  without  significant  interference from either sarcoplasmic 
reticulum  or mitochondria  on the Ca concentration.  Changes in Ca-activated 
force are due  therefore  to changes  in  the  properties of the contractile system 
itself and not to regulation of Ca concentration. The addition of cAMP, cGMP, 
and GTP, guanylyl imidodiphosphate (GMP-PNP), or epinephrine to the bath 
does not  alter maximum Ca-activated force, but  when  these drugs are added 
with  1% nonionic  detergent  to the bath, contractility  increases by as much as 
180%. An inhibitor of phosphodiesterase must be present for the inotropic effect 
of cAMP  but  not  cGMP,  GTP,  GMP-PNP,  or  epinephrine.  The  inotropic 
response to cAMP is independent of the Ca sensitivity of the contractile system, 
but  guanine  nucleotides enhance contractility only when Ca sensitivity is not 
high. The inotropic effect of epinephrine is inhibited to a large extent by cGMP 
but  not  by  GMP-PNP.  These  data  can  be  explained  by  a  model  in  which 
contractility  is  enhanced  by a  cAMP-regulated  phosphorylation  that  can  be 
controlled through the/~-receptor adenylate cyclase complex in the sarcolemma. 
The regulation involves two reactions, one a phosphorylation and a second that 
occurs in the presence of detergent. Phosphorylation of neither the myosin light 
chain  nor  the  inhibitory  subunit  of troponin  appears  to  be  involved  in  this 
mechanism for regulating contractility. 
INTRODUCTION 
The  mechanisms  for  the  regulation  of contractility  of the  cardiac  cell  are 
poorly understood.  Most  of the  attention  has  been  focused on  a  variation of 
the amount of Ca used to trigger the contraction in response to changes in the 
action  potential,  Ca  conductance  of  the  excited  membrane  (New  and 
Trautwein,  1972;  Reuter and  Scholz,  1977),  or rate of reaccumulation  of Ca 
by the  sarcoplasmic  reticulum  (Kirchenberger  et  al.,  1974).  Direct  evidence 
for  physiological  regulation  of the  contractile  proteins 1 themselves  is  sparse 
i In this paper "contractile proteins" is used to include the regulatory proteins in the myofibril, 
as well as actin and myosin. 
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(Tsien and Weingart,  1976;  Tsien  1977).  Phosphorylation of the inhibitory 
subunit  of troponin  (TNI)  can  occur and  is  associated  with  the  increased 
contractility produced by catecholamines (England,  1976;  Solaro et al., 1976), 
but phosphorylation of TNI only increases the concentrations of Ca required 
for activation of the ATPase in isolated myofibrils without enhancing ATPase 
activity (Ray and England,  1976).  Analogous regulation of the Ca sensitivity 
without  change  in  contractility  exists  in  the  hyperpermeable  rat  heart 
(McClellan and Winegrad, 1978). Under certain circumstances a close relation 
between contractility and the ratio of cAMP to cGMP can be demonstrated 
in the intact frog heart (Singh et al.,  1978),  but it is not clear that this is due 
to a change in the contractile proteins. 
In the studies described in  this paper, regulation of the inotropic state of 
the contractile system itself has been studied in rat ventricles that have been 
made hyperpermeable by treatment with EGTA (McClellan and Winegrad, 
1978). In this preparation, it is possible to bypass the normal electromechanical 
coupling steps  and probe  the properties of the contractile proteins  directly 
with Ca buffers without mechanically removing the sarcolemma. Inasmuch 
as hyperpermeable cells retain soluble intracellular proteins as well as many 
membrane proteins,  regulatory systems are more likely to  remain  intact  in 
hyperpermeable  cells  than  in  mechanically  skinned  or  glycerol-extracted 
tissues. Rather than attempting to alter the isolated protein system by known 
reactions to produce a  state of enhanced contractility--an unsuccessful ap- 
proach thus far--this work is directed towards producing a state of enhanced 
contractility and then trying to identify the regulatory reactions. Three specific 
questions will be addressed: 
a)  Is the contractile state of the myofibrils, including both the contractile 
and the regulatory proteins, regulated directly? 
b)  What  are  the  roles  of catecholamines  and  cyclic  nucleotides  in  the 
regulation? 
c)  What is the contribution of phosphorylation reactions involving myofi- 
brillar proteins such as troponin and the light chains of myosin to the 
regulation (Cole et al.,  1978)? 
METHODS 
The general method has already been reported by McClellan and Winegrad (1978). 
Natural bundles of tissues were removed from the endocardial surface of rat  right 
ventricles and soaked overnight in a solution containing 10 mM EGTA at 0~  This 
treatment produces a preparation in which the membrane is permeable to ions and 
small molecules. The tissues were mounted in a chamber for continuous superfusion 
and measurement of tension. The solutions used before and  after the exposure to 
detergent had identical compositions. Reagents were obtained from Sigma Chemical 
Co. (St. Louis, Mo.). All nucleotides were tested for purity by one- or two-dimensional 
thin layer chromatography, and only a small breakdown of nucleotide triphosphate 
to nucleotide diphosphate was detected. This change should have been reversed in 
the superfusion solutions because of the presence of the phosphocreatine-creatine 
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RESULTS 
The  hyperpermeable  rat  ventricular  strip  has  characteristics  that  make  it 
suitable  for  the  study  of functional  properties  of the  contractile  proteins 
(McClellan  and  Winegrad,  1978).  Because it  is  very stable,  even  relatively 
small changes in the mechanical response to a given concentration of Ca + ions 
are  significant.  The  membrane  is  freely  permeable  to  a  Ca-EGTA  buffer 
system  that  prevents  the  influence  of  the  mitochondria  or  sarcoplasmic 
reticulum  on  sarcoplasmic  Ca  concentration.  Therefore,  changes  in  the  re- 
sponse  to  a  given  concentration  of Ca  are  the  result  of alterations  of the 
contractile  proteins  rather  than  other organelles  (McClellan  and  Winegrad, 
1978). 
Contractility  of hyperpermeable  cells,  defined  as  the  maximum  Ca-acti- 
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FIOURE  1.  Tension record ofa hyperpermeable bundle of rat ventricular fibers. 
Numbers below record indicate pCa in contraction solution. Between a and b 
tissue  was exposed to  relaxing  solution  with  5  mM  theophylline  for 5  rnin; 
relaxing  solution  with  5  mM  theophylline  and  10  -6  M  cAMP  for  10  min; 
relaxing solution with 5 rnM  theophylline,  10  -6 M  cAMP, and  1% Triton X- 
100 for 30 min; and finally relaxing solution for 30 min. Note large increase in 
Ca-activated force in b. 
vated force, is not altered by adding from  10 -3 to  10  -~ M  cAMP or cGMP to 
the bathing solution either before or with the activating Ca. The presence of 
the phosphodiesterase  inhibitor theophylline with the cyclic nucleotides does 
not change the result.  Epinephrine  and GTP are similarly without effect on 
the maximum Ca-activated force. 
If a  nonionic  detergent  such  as  Triton  X-100,  Brij  58,  or  Lubrol  WX  is 
present with the cyclic nucleotides or catecholamine,  marked changes in Ca- 
activated  force  result  (Fig.  1;  Table  I).  Inasmuch  as  Ca-activated  force  is 
reduced  in  the presence of detergent,  although  the  inhibitory  effect is  com- 
pletely reversible and disappears after removal of the detergent  (Table I), the 
contractility  was compared  before and  after  detergent  and  drug  treatment. 
Hyperpermeable fibers were exposed to relaxing solution with the drug for 5 
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for up to 30 min. After the detergent and the drug had been washed out with 
relaxing  solution  for  another  30  min,  the  response  to  Ca  was  tested  and 
compared with the response before exposure to the combinaton of drug and 
detergent.  The increased contractile state induced in this way by nucleotides 
or catecholamines is very stable and unresponsive to further exposure to cyclic 
nucleotides  or  catecholamines  in  either  relaxing  or  contraction  solution. 
Detergent  alone in  relaxing solution does not lead to enhanced contractility. 
The  enhanced  contractility  cannot  be either  (a)  reversed by relaxing  media 
with  detergent  or  (b)  increased  any  further  by  a  second  exposure  to  the 
combination of drug and detergent. The change in contractility produced by 
the  drug  in  detergent  can  be blocked by first exposing the  hyperpermeable 
TABLE  I 
MAXIMUM  Ca-ACTIVATED  FORCE 




Theophylline +  detergent 
cAMP +  detergent 
Theophylline +  cAMP +  detergent 
Theophylline, theophylline +  cAMP +  detergent 
Epinephrine +  detergent 
Epinephrine +  cGMP +  detergent 
Guanine nucleotide +  detergent 
Epinephrine +  GMP-PNP +  detergent 
5'-GMP 
Dibutyryl cAMP +  detergent 
100 
21  110• 
7  99  +  -  7 
6  106+ 11 
6  ! 58+- 16" 
18  259+ 10~: 
14  273+-37:1:w [I 
11  158•167 
25  20l_14:~ 
9  238•  II 
4  102+-6 
4  102• 
Relative force refers to the maximum Ca-activated force produced after each tissue was treated as indicated 
in the procedure compared with the initial values in Ca solution without drugs. 
* Signifciant difference from control at <0.05. 
~: Significant difference from control at <0.01. 
w Significant difference from presence ofcGMP at <0.05. 
]1 No significant difference between the two values. 
cells to detergent in relaxing solution. The detergent seems to exert a permissive 
effect on reactions that alter inotropy and at the same time slowly remove the 
reactants required for the production of the altered state (see Discussion). 
Regulation of Contractility by cAMP 
The addition  of 10  -6 M  cAMP and  1% detergent to the bathing medium for 
as  long  as  30  min  produces  no  observable  change  in  the  maximum  Ca- 
activated  force.  If  5  mM  theophylline  is  included  with  the  cAMP,  the 
maximum Ca-activated force is increased by a signficiant but variable amount 
(Table I). The hyperpermeable cells apparently have an active phosphodies- 
terase which almost totally eliminates the effects of exogenous cAMP, and the 
addition  of theophylline  is  not  always successful in  producing  a  significant 
block of the same enzyme.  The  extent  of the  increase in contractility  is  not 
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necessary to produce 50% of maxmium activation), indicating that the extent 
of phosphorylation of the inhibitory subunit of troponin (TNI)  is probably 
not important in this regulatory mechanism (Table I). 
When 5 mM theophylline is added to the bathing solution a  few minutes 
before the cAMP, there is a large and consistent increase in contractility (Fig. 
1;  Table  1).  The  procedure of theophylline followed by  theophylline and 
cAMP  and  then the combination cAMP,  theophylline, and  detergent pro- 
duced an  average increase in  contractility of 159%. The phosphodiesterase 
inhibition  is  more complete when  the  inhibitor  is  added before  the cyclic 
nucleotide.  Theophylline itself with  or  without  detergent  did  not  change 
contractility. 
The  change  in  contractility  from  cAMP  and  theophylline  must  occur 
rapidly because a  very brief exposure to  the drugs produces essentially the 
same result as a  30-rain exposure. The lipid soluble form of the nucleotide, 
dibutyryl  cAMP,  is  equally  effective, but  it  too requires  the presence of a 
detergent and a phosphodiesterase inhibitor to produce a change in contrac- 
tility. 
Exposure  to  cAMP  and  theophylline  in  the  absence  of detergent  does 
change  the  latent  properties  of the  hyperpermeable cells  even  though the 
effect is not immediately apparent on Ca-activated force. Bathing the prepa- 
ration with relaxing solution and detergent 5-10 rain after a  10-rain exposure 
to cAMP and theophylline produces a  79 _  19% increase in maximum Ca- 
activated force. Apparently cAMP can induce changes in the preparation in 
the absence of detergent, although these changes are  gradually reversed in 
relaxing  solution.  These  data  indicate  that  there  may  be  more  than  one 
reaction  involved  in  the  production  of the  higher contractility  state,  one 
sensitive to cAMP, and second that takes place in the detergent and can not 
be  merely the  inhibition  of reactions  reversing the effect  of cAMP.  These 
conclusions are supported further by the results of experiments with ATPTS 
and benzyl alcohol. 
Studies with A TPTS 
ATPTS is an analog of ATP which provides a phosphate for phosphorylation 
reactions that  is  removed only very slowly by phosphatases. This ability to 
support phosphorylation but inhibit dephosphorylation makes the compound 
a useful probe for studying the physiological effects ofphosphorylation. When 
all of the ATP in the solution bathing hyperpermeable fibers is replaced by 
ATPTS, the maximum Ca-activated  force declines. This reduction in  force 
production, which is completely reversed when ATP is restored, results from 
the fact  that ATPyS is  a  relatively poor substitute for ATP in the reaction 
between actin and myosin. Although the maximum force is the same after a 
5-rain exposure to ATPTS in either relaxing solution or a contraction solution, 
the properties of the hyperpermeable cells have been changed in two observ- 
able ways. There is a small but definite increase in Ca sensitivity (Fig. 2) that 
is  irreversible.  In  all  eight  experiments  where  ATPTS  was  used,  the  Ca 
concentration necessary for 50%  activation of contraction decreased from 20 
to 40%, a smaller shift in Ca sensitivity than that produced by theophylline or 288  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  75  ￿9  1980 
detergent. In addition, the hyperpermeable cells treated with ATPyS respond 
to 1% nonionic detergent in relaxing solution with an increase in the maximum 
Ca-activated  force even  without  exposure  to  cyclic nucleotides  or catechol- 
amines.  The extent of the increase in contractility,  180 +  26%, is the same as 
that produced by detergent with cAMP and theophylline in hyperpermeable 
fibers not exposed to ATPyS. Both the overt effect on Ca sensitivity and the 
latent  effect on  contractility  of ATPyS are undiminished  even 60 min  after 
ATPyS has been removed. 
These results indicate that the same phosphorylation that appears to result 
from cAMP and  theophylline  has  occurred  during  the exposure to ATP-{S, 
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FIGURE  2.  Effect of ATPyS on hyperpermeable fibers.  Between exposures to 
Ca-containing contraction solutions in a and b, tissue was exposed for 10 rain to 
relaxing solution in which all of the ATP had been replaced by ATPTS. Note 
the  increase  in  Ca  sensitivity  but  the  same  maximum  Ca-activated  force. 
Between b and c the tissue was exposed for 30 min to relaxing solution with  1% 
Triton  X-100  and  then  to  relaxing  solution  for an  additional  30  min.  Note 
increase in maximum Ca-activated force. 
but  it  is  insufficient  to  enhance  contractility.  The  change  in  contractility 
apparently  requires  two separate  reactions:  one  a  phosphorylation  and  the 
second, still undefined but induced by detergent.  The irreversible increase in 
Ca sensitivity shows that  some turnover of phosphate on TNI occurs even in 
the  absence  of cyclic nucleotides  and  phosphodiesterase  inhibitors  with  the 
cGMP-regulated  reaction  that  increases  Ca  sensitivity  predominating  (Mc- 
Clellan and Winegrad,  1978; Mope et al.,  1980). 
Additional  data support the notion that  there is a  two-step mechanism  for 
regulation  of contractility.  Benzyl alcohol  has been shown to activate aden- 
ylate  cyclase  in  the  membranes  of liver  cells,  apparently  by changing  the 
properties of the membrane lipids (Houslay et al.,  1976, Dipple and Houslay 
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relaxing solution produces the same changes in the cells as ATPyS substitution 
for ATP, that is, a  modest increase in Ca sensitivity and a  large increase in 
maximum  Ca-activated  force  after  treatment  with  detergent  in  relaxing 
solution (Fig. 3). The changes are similarly irreversible, remaining for at least 
60 min after the exposure to benzyl alcohol in relaxing solution. During the 
exposure to the benzyl alcohol Ca-activated force may be reduced by up to 
10%, but this completely reverses when the alcohol has been removed. Higher 
concentrations produce larger  but  still  reversible decreases  in  Ca-activated 
force. 
Effect of Epinephrine 
The maximum Ca-activated force is also increased by epinephrine in concen- 
trations greater than 10  -s M  (Table I). The largest response, almost a tripling 
FIGURE 3.  Effect  of 0.1% benzyl alcohol on hyperpermeable cells. A,C,D,F 
without benzyl alcohol. Note increase in Ca sensitivity after benzyl alcohol and 
increase in force after detergent. 
of maximum Ca-activated  force,  occurs  with  10 -7  M,  and  there  is  some 
suggestion  that  a  concentration  of  10 -6  M  or  greater  actually  produces a 
smaller inotropic effect. In four experiments where paired bundles from the 
same hearts were studied, the increase in the Ca-activated force was always 
greater with  10 -7 M  than with  10 -6 M  epinephrine. 
The  inotropic response to epinephrine was reduced by about  70%  when 
10  -7 M  cGMP or  10  -6 M  GTP was added with epinephrine but the nonhy- 
drolyzable  guanine  nucleotide  guanylyl  imidodiphosphate  (GMP-PNP), 
which is believed to act primarily if not exclusively in coupling the ~-receptor 
with adenylate cyclase, had no such effect. Isoproteronal produced the same 
results as epinephrine. 
Effect of Guanine Nucleotides 
In the presence of detergent, guanine nucleotides also increased contractility. 
1 #M  GTP,  0.1-1.0  #M  cGMP,  and  10  #M  CMP-PNP  all  produce very 290  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  75 ￿9 1980 
similar effects on the maximum Ca-activated force with the largest increases 
reaching values of 225% (Fig. 4). Unlike the change in contractility produced 
by cAMP, the positive inotropic response to guanine nucleotides was depen- 
dent on the Ca sensitivity of the preparation  (Fig. 4). Little or no modification 
of maximum  Ca-activated  force was seen when  the Ca sensitivity was high, 
but  in  tissues with  low  values  there  was a  large  increase  in  maximum  Ca- 
activated force. Although the exact correlation between the calcium sensitivity 
and  the  relative  increase  in  force  may  not  be  the  same  for  each  guanine 
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FIGURE 4.  Relation of increase in contractility, produced by guanine nucleo- 
tides, to Ca sensitivity, indicated as the pCa for 50% of maximum Ca-activated 
force. Ordinate is the relative increase in maximum Ca-activated force. 
nucleotide,  there  is  a  sim.ilarly  positive  correlation  in  each  case.  Neither 
addition of theophylline, variation of the concentration of GTP between 10 -7 
and  10  -5 M, nor the addition  of GTP 5 min before the detergent  made any 
difference. 5'-GMP, the metabolic breakdown product of GTP, had no effect 
on contractility either in the presence or absence of detergent. 
Studies with CTP 
In view of the demonstration  that the 19,000 dalton light chain of myosin can 
be phosphorylated in cardiac muscle by activation of light chain kinase with 
the combination of Ca and calmodulin  (Frearson and Perry, 1978; Nairn and 
Perry,  1979), it was of interest  to consider whether either of the two steps in 
the  change  in  contractility  involved  phosphorylation  of the  light  chain  of McCLELLAN AND WINEGRAD  Cyclic Nucleotide Regulation of Contractile Proteins  291 
myosin. Light chain phosphorylation was unlikely during the first step inas- 
much  as  the  change in  contractility  could occur with  cAMP,  ATPyS, or 
benzyl alcohol in the virtual absence of Ca (less than 10-SM). Since CTP is an 
excellent substitute for ATP in the reaction between actin and myosin but a 
very poor phosphate donor in some phosphorylation reactions  (Hasselbach, 
1956;  Walsh  and Krebs,  1973),  including that  of light chains  (Perry et al., 
1975), CTP can be used as a probe to detect a requirement for phosphorylation 
of the  light  chain.  When  ATP  was  replaced  with  CTP  there was  a  large 
increase in Ca sensitivity, which indicated inhibition of phosphorylation of 
TNI. The substitution of CTP for ATP in relaxing solution containing cAMP, 
theophylline, and detergent did not prevent the normal increase in contrac- 
tility either when CTP was continued through the Ca-activating solutions, or 
when ATP was restored to the contraction solutions. The increase in contrac- 
tility in the cAMP-theophylline-detergent solution, despite the absence of a 
good  phosphate  donor  for  myosin  light  chain,  argues  against  light-chain 
phosphorylation as the critical second reaction in enhancing contractility. 
DISCUSSION 
The most important conclusion to be drawn from these experiments is that 
the force of contraction of cardiac cells can be regulated by changes in the 
properties of the contractile proteins. Any significant influence of the sarco- 
plasmic reticulum or the mitochondria on the steady-state, Ca-activated force 
of the hyperpermeable fibers was eliminated by the Ca buffer system present 
in  all  solutions  (McClellan  and  Winegrad,  1978).  Catecholamines, cAMP, 
and guanine nucleotides are involved in the regulation since each can influence 
the maximum Ca-activated force, but the mechanism appears to require two 
reactions, of which only one may be sensitive to cyclic nucleotides. 
The need for detergent for the second reaction implicates a  lipid phase of 
the cell and, in particular, cell membranes. The function of the detergent may 
be  simply  to  overcome a  lipid  barrier  to  a  larger  molecule for  diffusion 
between  the  bath  and  the cytoplasm or to  facilitate either accessibility of 
reactants or release of products for reactions occurring within a  membrane. 
Removal of Ca from the sarcolemma alters the properties of the membrane 
and apparently prevents some critical reaction among the molecules that are 
present  (Ross and Gilman,  1977;  Schramm et  al.,  1977;  Ross et al.,  1978). 
Membrane fluidity is altered and with it the reactivity of membrane proteins 
(Humphries and McConnell, 1975;  Dipple and Houslay,  1978)  and possibly 
interactions of membrane proteins with microfilaments and microtubes (Ni- 
colson, 1976;  Edelman, 1977).  The ability of detergent to facilitate or inhibit 
reactions within membranes is well known (Levey, 1970; Johnson and Suth- 
erland, 1973; Kimura and Murad, 1974; Horwood and Singhal, 1976; Houslay 
et al., 1976),  and in referring to its effects on cholinergic receptors, Changeux 
(1974)  has  suggested  that  solubilization  by  detergents  releases  constraints 
created by either membrane lipids or proteins and stabilizes the receptor in a 
favorable conformation. On the other hand, prolonged exposure or exposure 
to  high concentrations may inactivate  the  reaction  by  removing necessary 
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Cyclic AMP  produced an  increase  in  contractility that  bore  no obvious 
relation  to  Ca  sensitivity  or  TNI  phosphorylation.  Guanine  nucleotides, 
however, produced increases in contractility that had a large positive depend- 
ence  on  TNI  phosphorylation when  the  latter  was  estimated  by  the  Ca 
sensitivity. Little or no increase in contractility occurred in cells with a  high 
Ca sensitivity; large increases occurred when Ca sensitivity was low.  Since 
TNI phosphorylation is controlled by epinephrine (Ray and England, 1976), 
the  amount  of phosphorylation should  be  an  indication  of the  extent  of 
epinephrine  stimulation.  In  isolated  membranes  guanine  nucleotides  are 
necessary  for  coupling the  epinephrine stimulated fl-receptor to  adenylate 
cyclase; the coupling determines the degree of activation of adenylate cylase 
by  catecholamines  (Lefkowitz,  1975;  Rodbell  et  al.,  1975;  Levitski,  1978). 
Guanosine triphosphate seems to  be  the  physiological nucleotide in  intact 
cells.  In  view of the relation  to  epinephrine, it  is  reasonable  that  guanine 
nucleotides increase contractility in hyperpermeable fibers by a  similar cou- 
pling mechanism. (Pfeuffer, 1972;  Sevilla and Levitski, 1977).  These data do 
not explain why cGMP, which is not a good coupler with isolated membrane 
fragments  (Lefkowitz,  1975),  should  be  an  effective  inotropic  agent.  Its 
breakdown product, 5'-GMP, has very little inotropic activity, and although 
cGMP can produce GTP in the presence of pyrophosphate, pyrophosphate is 
normally broken down so rapidly that it never reaches an adequate concen- 
tration to support the reversal of the GTP-cGMP reaction (Greengard et al., 
1969).  The  site  of the  inhibitory reaction  of cGMP  is  not  the fl-receptor- 
adenylate cyclase coupling; cGMP can inhibit the positive inotropic response 
to epinephrine but GMP-PNP does not. 
The greater response to guanine nucleotides than to cAMP when there is 
no inhibition of phosphodiesterase is intriguing because both nucleotides are 
probably ultimately operating through the same protein kinase. The need of 
phosphodiesterase inhibition for any increase in contractility from cAMP, but 
not from guanine nucleotides, can be explained by a phosphodiesterase in the 
sarcolemma that protects the protein kinase from cAMP in the bath or, in the 
case of the intact cell, in the cytoplasm (Corbin et  al.,  1977).  This protein 
kinase is normally available only to cAMP produced within the membrane by 
an ordered sequence of reactions involving epinephrine and a guanine nucleo- 
tide. As a result a  functional compartmentalization would exist, and the cell 
could  use  cytoplasmic cAMP  for  the  regulation  of intracellular  reactions 
without activating a  protein kinase in  the membrane. On  the other hand 
activation of the membrane enzyme would depend on the combination of an 
extracellular transmitter, catecholamine, and an intracellular messenger, gua- 
nine nucleotide. 
Although the data are insufficient to prove any detailed mechanism, it is 
useful to consider whether they can be synthesized with published material 
into a coherent and internally consistent model. Such a proposal is shown in 
Fig. 5 which depicts regulation of contractility by cAMP, GTP, and cGMP. 
Such a model is consistent with much existing physiological and biochemical 
data, and it indicates why the state of contractility cannot always be related McCLELLAN  AND WINEGRAD Cyclic  Nucleotide Regulation of Contractile Proteins  293 
to  cAMP  or cGMP  concentrations in  the  cell  in  a  simple way.  The  two 
opposing reactions regulated by guanine nucleotides result in an interesting 
property of the system regulating the contractile proteins. The cell itself can 
either inhibit contractility or turn up the gain on the catecholamine-dependent 
positively inotropic system. According to this model, the cell and the organism 
negotiate the contractile state of the myocardial proteins through neurotrans- 
mitters like catecholamines and "intracellular messengers" like guanine nu- 
cleotides. The result is that the contractile state is a function of the organism's 
needs and the metabolic state of the cell. 
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FIGURE 5.  Model to explain  regulation of contractility and Ca sensitivity by 
cyclic nucleotides and cateeholamines. TNI phosphorylation produces lower Ca 
sensitivity and is blocked by cGMP (England, 1978; McClellan and Winegrad, 
1978; Mope et al., 1980). See text for details. L and H after myofibrils indicate 
low and high inotropic state. 
The actual reactions involved in altering contractility are not clear, but 
certain negative conclusions can be drawn. The physiological data indirectly 
indicate that  the phosphorylation of TNI or the myosin light chain is  not 
responsible for the cAMP-regulated increase in contractility of the myofibril. 
These conclusions are supported  by preliminary data involving SDS  gel 
electrophoresis of hyperpermeable fibers in both  the low and high states of 
contractility. The transition from low to high inotropy is not related to  (a) 
TNI phosphorylation, although Ca sensitivity is (Mope et al., 1980), or (b) the 
phosphorylation of the 19,000 dalton myosin light chain. 294  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  ￿9  VOLUME  75  ￿9  1980 
This work was supported by grants  HL-16010 and  HL-15835 from the U.S.  Public Health 
Service. 
Received  for publication 6July 1979. 
REFERENCES 
CHANGEUX,  J.  P.  1974. The cholinergic receptor protein: functional properties and its rote in 
the regulation of developing synapses. In Cell Surface Development. A. A. Moscona, editor. 
John Wiley & Sons, Inc., New York. 207-220. 
COLE, H., N. FREARSON,  A. Morn, S. J. PERRY, and J. SOLARO. 1978. Phosphorylation of cardiac 
myofibrillar proteins. Recent Adv. Stud. Card. Struct. Metab. 11:111-119. 
COXaXN,  J. D., P. SUGDEN,  T. LXNCOLN,  and P. KEELY. 1977. Compartmentalization of adenosine 
3'-5' monophosphate and adenosine 3':5'-monophosphate-dependent protein kinase in heart 
tissue.J.  Biol. Chem. 252:3854-3861. 
Dn'PLE, I., and M. O. HOUSLAY. 1978. The activity of glucagon-stimulated adenylate cyclase 
from rat  liver  plasma  membranes  is  modulated  by the  fluidity of its  lipid  environment. 
Biochem. J.  174:179-190. 
EDELMAN, G.  1977. Transmembrane control and surface modulation in animal cells. Prog. Clin. 
Biol. Res. 17:467-480. 
ENCLAND, P. 1976. Studies of the phosphorylation of the inhibitory subunit of troponin during 
modification of contraction in perfused rat heart. Bioehem.  J.  160:295-304. 
FREARSON, N., and S. V. PERRY. 1978. Phosphorylation of the light chain components of myosin 
from cardiac and red skeletal muscle. BiochemJ.  51:99-t07. 
GREENGARD, P., S. RUDOLPH,  and J. STURTEVANT. 1969. Enthalpy of hydrolysis of the 3'-bond 
of adenosine  3'5'-monophosphate and  guanosine  3'5'-monophosphate. J.  Biol. Chem. 244: 
4798-4800. 
HASSELBACH, W.  1956. Die Wechselwerkung verschiedener Nukleosidtriphosphate  mit Akto- 
myosin in Geluzstand. Biochim. Biophys. Acta. 20:355-368. 
HoswooD, D., and R. L. SINGHAL. 1976. Myocardial protein kinase: properties of soluble and 
membrane bound catalytic subunits. J. Mol.  Cell. Cardiol. 8:15-28. 
HOUSLAY, M. D., T. R. HESKET, G. A. SMITH, G. B. WARREN, and J. C. METeALFE. 1976. The 
lipid  environment  of the  glucagon receptor regulates  adenylate cyclase activity.  Biochim. 
Biophys. Acta. 436:495-504. 
HUMPHRXES, G.  M.  K., and  H.  M.  MeCONN~LL. 1975. Antigen mobility in membranes and 
complement-mediated immune attack. Proc. Natl.  Acad. ScL  U.S.A.  72:2483-2487. 
JOHNSON, R. A., and E. A. StrrHERLAND. 1973. Detergent dispersed adenylate eyclase from rat 
brain.J.  Biol. Chem. 248:5114-5121. 
KIMURA, H., and F. MURAD. 1974. Evidence for two different forms of guanylate cyclase in rat 
heart../.  Biol. Chem. 249:6910-6916. 
KmCHENBERGER, M.,  M.  TADA, and  A.  M.  KATZ. 1974.  Adenosine  3'-5'-monophosphate- 
dependent protein kinase-catalyzed phosphorylation reaction and its relationship to calcium 
transport in cardiac sareoplasmic reticulum.J.  Biol. Chem. 249:6166-6173. 
LEFKOWlTZ, R.  1975. Catecholamine stimulated  myocardial adenylate cyclase: effects  of nu- 
cleotides.J.  Mol.  Cell Cardiol. 7:237-248. 
LEVEY, G.  1970. Solubilization of myocardial adenylate cyclase. Biochem. Biophys. Res. Commun. 
38:86-92. 
LEVZTSK1, A.  1978. The mode of coupling of adenylate cyclase to hormone receptors and  its 
modulation by GTP. Biochem. Pharmacol. 27:2083-2088. MCCLELLAN  AND WINEGRAD  Cyclic Nucleotide Regulation of Contractile Proteins  295 
MCCLELLAN,  G., and S. WINEGRAD. 1978. The regulation of  calcium sensitivity of the contractile 
system in mammalian cardiac muscle. J. Gen. Physiol. 72:737-764. 
MOPE, L., G. B. McCLELlaN, and S. WXNEORAD. 1980. Calcium sensitivity of the contractile 
system and phosphorylation of troponin in hyperperrneable cardiac cells. J. Gen. Physiol. 75: 
271-282. 
N^IRN, A. C., and  S. V.  PEm~Y. 1979. Calmodulin and  myosin light chain kinase of rabbit 
skeletal muscle. Biochem. J.  179:89-97. 
NEw, W., and Tr,  Atn'WErN. 1972. The ionic nature of slow inward current and its relation to 
contraction. Pfliigers Arch. Eur. J. Physiol. 334:24-38. 
NICOLSON, G. 1976. Transmembrane control of the receptors of  normal and tumor cells. Biochim. 
Biophys. Acta. 457:57-108. 
PERRY, S. V., H. A. COLE, M. MORCAN, A. J. G. MOIR, and E. PiRzs.  1975. Phosphorylation of 
the proteins of the myofibril. FEBS (Fed. Fur. Biochem. Sot.)Proc. 9th Meet. 31:163-176. 
PFEUFrER, T.  I977. GTP-binding proteins in membranes and the control of adenylate cyclase 
activity.J. Biol. Chem. 252:7724-7734. 
RAY, K., and P. ENOLAND. 1976. Phosphorylation of the inhibitory subunit of troponin and its 
effect on the calcium dependence of cardiac myofibril adenosine triphosphatase. FEBS (Fed. 
Eur. Biochem. Sot.) Lett. 70:11-17. 
REtrrER, H., and H. ScnoLz. 1977. A study of the ion selectivity and the kinetic properties of 
the calcium dependent slow inward current in mammalian cardiac musele.J. Physiol. (Lond.). 
264:17-47. 
RODSEH., M., M. LtN, Y. SALOMON,  C. LONDOS,  J. HARWOOD,  B. MARTtN, M. RENDELL,  and M. 
BEllMAN. 1975. Role of adenine  and  guanine  nucleotides  in  the activity and  response of 
adenylate cyclase systems to hormones: evidence for multisite  transition  states.  Adv. Cyclic 
Nucleotide Res. 5:3-29. 
Ross,  E.  M.,  and  A. G.  GIt.MAN. 1977. Reconstitution of catecholamine sensitive adenylate 
cyclase activity: interaction of solubilized components with receptor-replete membrane. Proc. 
Natl. Acad. Sci. U.S.A.  74:3715-3719. 
Ross,  E.  M.,  A.  C.  HOWLETT, K.  FERQUSON, and  A.  G.  GXLMAN. 1978. Reconstitution  of 
hormone-sensitive adenylate cyclase activity with resolved component of the enzyme. J. Biol. 
Chem. 252:6401-6412. 
SeHP.AM~, M., J. ORLY, S. EIMERL, and M. KORNER. 1977. Coupling of hormone receptors to 
adenylate cyclase of different cell by cell fusion, Nature (Lond.).  268:310-313. 
SEVlLLA, N., and A. LEVlTSKI. 1977. The activation of adenylate cyclase by/-epinephrine and 
guanylylimidodiphosphate and  its  reversal  by /-epinephrine  and  GTP.  FEBS  (Fed.  Eur. 
Biochem. Soc.  )  Left.  76:129-134. 
SINoH, J., F. W. FLITNEY,  and J. F. LAMB. 1978. Effects of isoprenaline on contractile force and 
intracellular cyclic 3'-5' nucleotide levels in the hypodynamic frog ventricle. FEBS (Fed. Fur. 
Biochem. Soc.) Lett. 91:269-272. 
SoLARo, R. J., A. MOIR, and S. V. PERRY. 1976. Phosphorylation of troponin I and the inotropic 
effect of adrenaline in the perfused rabbit heart. Nature (Lond.).  262:615-617. 
TSIEN, R.  1977. Cyclic AMP and contractile activity in heart. Advances Cyclic Nucleotide Res. 8: 
363-420. 
TSlEN, R., and R. WEINOART. 1976. Inotropic effect  of cyclic AMP in calf ventricular muscle 
studied by a cut end method.J. Physiol. (Lond.).  260:117-141. 
WALSH, D., and E. KREBS. 1973. Protein kinasis. In The Enzymes. P, O. Boyer, editor. Academic 
Press,  Inc., New York. 3rd edition. 8:555-581. 